Abstract Protease activated receptor-2 (PAR-2) derived cycloxygenase-2 (COX-2) was recently implicated in a cardiac mast cell and fibroblast cross-talk signaling cascade mediating myocardial remodeling secondary to mechanical stress. We designed this study to investigate in vitro assays of isolated adult cardiac fibroblasts to determine whether binding of tryptase to the PAR-2 receptor on cardiac fibroblasts will lead to increased expression of COX-2 and subsequent formation of the arachodonic acid metabolite 15-dProstaglandin J 2 (15-d-PGJ 2 ). The effects of tryptase (100 mU) and co-incubation with PAR-2 inhibitor peptide sequence FSLLRY-NH 2 (10 -6 M) on proliferation, hydroxyproline concentration, 15-d-PGJ 2 formation and PAR-2/ COX-2 expression were investigated in fibroblasts isolated from 9 week old SD rats. Tryptase induced a significant increase in fibroproliferation, hydroxyproline, 15-d-PGJ 2 formation and PAR-2 expression which were markedly attenuated by FSLLRY. Tryptase-induced changes in cardiac fibroblast function utilize a PAR-2 dependent mechanism.
Introduction
Recent studies have demonstrated that tryptase, one of the more abundant enzymes contained within mast cells, has modulatory effects on the phenotype of neighboring cells including fibroblasts in the kidney, testis, and lung (Somasundaram et al. 2005; Frungieri et al. 2005; Skrabal et al. 2004; de Almeida et al. 2002; Levi-Schaffer and Piliponsky 2003; Gailit et al. 2001) . Tryptase is a ligand for the protease activated receptor-2 (PAR-2) isoform of the protease ligand class of surface receptors (for review see Steinberg 2005) . PAR-2 activation, which is upstream of COX-2 expression, has been shown to possess acute cardioprotective effects capable of limiting infarct size (McLean et al. 2002; Jiang et al. 2007 ). Contrastingly, COX-2 inhibitor prevention studies in a coronary artery ligation model of ischemia and reperfusion as well as in an isoproterenol model of myocardial damage reported less apoptosis, decreased left ventricular (LV) hypertrophy, and reduced interstitial collagen. This findings suggest that COX-2 enzymatic activity plays a deleterious role in cardiac remodeling and function secondary to increased stress and myocardial injury (LaPointe et al. 2004; Abbate et al. 2007; Saeed and Ahmed 2006) .
While PAR-2 has a wide tissue distribution, myocardial PAR-2 protein expression has only been documented in whole tissue extract (Ossovskaya and Bunnett 2004; Macfarlane et al. 2001) . Additionally, Maree and Fitzgerald (2002) noted that the overall contribution of PAR-2 activation in acute ischemic injury may not be the same as in injury following non ischemic chronic pathologic stimuli, and it is not known if PAR-2 is expressed in adult cardiac fibroblasts. Moreover, a recent study by Papanicolaou et al. (2010) using cardiac specific transgenic mice (COX-2 CKO) demonstrated that the predominant source of COX-2 expression was from the resident non-myocyte cell population. Therefore, it remains to be determined if this mast cell/fibroblast cross talk signaling pathway exists in the myocardium. If it does its mediatory role in the remodeling ventricle has yet to be fully elucidated. Accordingly, we designed this study to integrate in vitro assays of freshly isolated adult cardiac fibroblasts to test the hypothesis that activation via tryptase of the PAR-2 receptor on cardiac fibroblasts will lead to increased expression of COX-2 and subsequent formation of the arachidonic acid metabolite 15-deoxy-Prostaglandin J 2 (15-d-PGJ 2 ).
Results
In vitro adult cardiac fibroblast response Experiments were performed to assay the effects of tryptase on cardiac fibroblast proliferation. Fibroblasts were cultured on collagen-coated coverslips and treated with control (1.5% FBS), tryptase (100 mU), tryptase + PAR-2 antagonist peptide sequence (FSLLRY; 10 −6 M) or the COX-2 downstream enzymatic product 15-d-PGJ 2 (10 −6 M) medium, and BrdU incorporation was evaluated. Fibroblasts were simultaneously labeled with picrosirius red and examined by fluorescent microscopy for the detection of collagen. Cell viability was not altered by continued tryptase exposure over 48, 72 or 96 h (97±0.5%, 98±0.4%, or 97±0.9% respectively) relative to control (96±0.4%) when assayed by trypan blue exclusion. Consistent with our findings from BrdU incorporation, we observed a marked 27% increase in cell number at the 48 h time point compared to nonstimulated controls. However, this response was not evident at the longer exposure time points. Next we evaluated the overall concentration of hydroxyproline in the media as an indicator of secreted collagen. Figure 2 indicates that the trypase-induced increase in hydroxyproline concentration in media from cultured fibroblasts at 24 h was sustained for 72 h. Co-incubation with FSLLRY prevented the tryptaseinduced increase in hydroxyproline at both time points even to a level significantly less than control at 24 h. Western Blot evaluation of protein extracts from isolated adult cardiac fibroblasts from the second passage demonstrated that PAR-2 was expressed in these cells under non stimulated conditions ( Fig. 3a and c) . At 72 h, PAR-2 expression was significantly increased by administration of tryptase. This effect was not seen with PAR-2 antagonist peptide sequence co-incubation. Moreover, COX-2 expression, also evident in control cells, was significantly increased in either tryptase or tryptase + FSLLRY treated cells at 72 h ( Fig. 3b and (Fig. 4) .
Discussion
Previous studies have demonstrated that mast cell derived tryptase is a ligand for the protease activated class of surface receptors (PAR) in the heart (Steinberg 2005) . The irreversible proteolytic activation of the PAR-2 isoform on fibroblasts stimulates cyclo-oxygenase-2 expression. COX-2 in turn is responsible for the enhanced synthesis of 15-deoxy 12,14 prostaglandin J 2 (15-d-PGJ 2 ) among other prostaglandins (i.e. PGI and PGE) (Somasundaram et al. 2005; Frungieri et al. 2005; Levi-Schaffer and Piliponsky 2003; Gailit et al. 2001) . It is the PGJ 2 arachidonic acid derived molecule that has been shown to act in the kidney, lung, and vasculature as an endogenous ligand activating PPARγ leading to fibroblast proliferation, collagen deposition, and cytokine production ( Frungieri et al. 2002) . Recent clinical trials of patients with congestive heart failure demonstrated serious complications associated with the chronic use of certain COX-2 selective inhibitors (i.e. Vioxx and Celecoxib) due to their impact on renal vascular tone (Mukherjee 2008; Hudson et al. 2007) . Initially, numerous studies using COX-2 inhibition detailed beneficial structural and functional effects in animal models of ischemia / reperfusion (LaPointe et al. 2004; Abbate et al. 2007; Saeed and Ahmed 2006) . Contrastingly, acute ischemic injury studies focused on activation of the upstream inducer of COX-2 expression, PAR-2, demonstrated cardioprotective effects capable of limiting infarct size (McLean et al. 2002; Jiang et al. 2007 ). However, this response may not be the same under non-ischemic chronic pathologic stimuli (Maree and Fitzgerald 2002) . Therefore, this study was undertaken to investigate if this preformed mast cell enzyme/fibroblast surface receptor cross talk signaling pathway exists in the myocardium and its potential mediatory role in the remodeling ventricle.
In vitro adult cardiac fibroblast response to tryptase Although the findings herein are consistent with the work of others, (Frungieri et al. 2005; Levi-Schaffer and Piliponsky 2003; Frungieri et al. 2002) to the best of our knowledge this is the first time PAR-2 expression and function have been documented in isolated adult cardiac fibroblasts. Tryptase was able to induce a marked increase in the fibroblast expression of PAR-2 which was attenuated by coincubation with the PAR-2 inhibitor peptide sequence FSLLRY. Additionally, the significant increase in tryptase mediated fibroblast proliferation was significantly less in the presence of FSLLRY. Combining these results with the prevention of collagen deposition by the PAR-2 inhibitor sequence peptide strongly indicates that these tryptaseinduced changes in cardiac fibroblast phenotype utilize a PAR-2 dependent mechanism. Lastly, the use of PAR-2 antagonism led to a marked reduction in the amount of 15-d-PGJ 2 in the media which we originally hypothesized would be due to decreased COX-2 expression ( (Vichai et al. 2005) . Specifically, in that study only PGE 2 and 15-d-PGJ 2 were shown to induce COX-2 mRNA. However, measurement of COX-2 expression (Fig. 4) demonstrated no difference in tryptase induced COX-2 protein levels co-incubated with PAR-2 antagonism. PAR-2 signaling is mediated by several heterotrimeric Gprotein pathways (i.e. G alpha(q), G alpha(i), and G alpha (12/13)) (Ricks and Trejo 2009 ). Previously, Frungieri MB et al. demonstrated that tryptase induced cell proliferation in human non-cardiac fibroblasts was via a Ca++ and cAMP independent but ERK 1/2 dependent mechanism (Frungieri et al. 2005) . Whether this pathway is intact and functional in cardiac fibroblasts remains to be determined and should be investigated in future studies.
One limitation of this study is the multiple alternate prostaglandin pathways downstream of COX-2. COX-2 is responsible for generating a common precursor molecule which is then modified by several tissue specific isomerases (synthases) that give rise to the various prostaglandins (i.e. PGI, PGE, PGF, and PGD) (Frungieri et al. 2005; Levi-Schaffer and Piliponsky 2003; Gailit et al. 2001) . While the role of PGF in cardiac extracellular matrix remodeling remains unknown, several reports have documented antifibroproliferative and anti-fibrotic effects by PGI and PGF (Yu et al. 1997; Xiao et al. 2001; Hishikari et al. 2009; Qian et al. 2008 ). The direct effects of PGD on cardiac fibroblasts remain uncertain, however, PGD serves as the only source for the formation of PGJ as this line of prostaglandins is a dehydration product of PGD and thus is not regulated by an individual synthase.
In summary, tryptase stimulated a significant increase in fibroproliferation, collagen deposition, 15-d-PGJ 2 formation and PAR-2 expression which was markedly attenuated by PAR-2 receptor antagonist FSLLRY. These results indicate that the tryptase-induced changes in cardiac fibroblast phenotype utilize a PAR-2 dependent mechanism. The presence of such a non myocyte cardiac cell signaling mechanism in the heart creates multiple sites for potential innovative therapeutic strategies. 
Materials and methods
Animal welfare All experiments were performed using 9 week old (200-250 g) male Sprague-Dawley rats housed under standard environmental conditions and maintained on commercial rat chow and tap water ad libitum. All studies conformed to the principles of the National Institutes of Health "Guide for the Care and Use of Laboratory Animals," and were approved by our Institution's Animal Care and Use Committee. Anesthesia for the experimental procedure was affected by sodium pentobarbital (50 mg/kg, i.p.). Cardiac fibroblast collagen synthesis Cardiac fibroblasts were obtained from adult male Sprague-Dawley rats (n=5). Briefly, hearts were minced and digested with Liberase 3 (Roche) and fibroblast purified by selective attachment to plastic culture ware. The fibroblasts were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% neonatal bovine serum and 5% fetal calf serum, with media replacement every other day. All fibroblasts were used in passage number 2, since adult fibroblasts have been shown to maintain their phenotype through the initial 5 passages (Burgess et al. 2002; Baudino et al. 2006) . One million fibroblasts were seeded on 100 mm plastic culture plates. Cells were allowed to adhere to the plate in DMEM with 10% neonatal bovine serum and 5% fetal calf serum for 24 h, before being rinsed with Mosconas Salt Solution. Media was replaced with DMEM-F12 with no serum for 24 h and rinsed again with Mosconas Salt Solution then replaced with DMEM containing 1.5% fetal bovine serum and 100 mU/mL of recombinant tryptase (Promega®) and incubated for 24 & 72 h. At the completion of the experimental period, media was collected and snap frozen. Fibroblast collagen synthesis in response to tryptase was determined by hydroxyproline analysis of collected media as described by Edwards and O'Brien (1980) . Briefly, 6N HCL was added to all samples in a 1:1 ratio and the samples maintained at 108°C overnight before filtering and vacuum centrifugation. The samples were then reconstituted in citrate buffer (0.2 M) and reacted with chloramine-T for 20 min, followed by incubation with aldehyde for another 20 min, before cooling in an ice-water bath. Absorbance was read at 550 nm and compared to hydroxyproline standards ranging from 0 to 10 μg/mL.
Experimental design
Fibroblast proliferation Fibroblasts were isolated as described above and grown on coverslips until 50-60% confluent for proliferation studies. The cells were then incubated with tryptase and 5-Bromo-2′deoxy-uridine (BrdU, Roche) labeling reagent added to the medium under sterile conditions for the final 4 h of the 24 h treatment period. The culture medium was then aspirated and the cells rinsed 3 times with washing buffer before fixation with ethanol/glycine for 1 h at −20°C. Anti-BrdU mouse IgG antibody was added to the cells and incubated for 1 h at 37°C. Following washing, FITC-conjugated antimouse secondary antibody was added to the cells for 1 h at 37°C. Propidium Iodide (Molecular Probes™) served as a nuclear marker of all cells. The cells were mounted and examined for BrdU incorporation using a Biorad MRC-1024 confocal laser-scanning microscope at 400X magnification. Data are presented as the number of BrdU-positive cells relative to the total number of cells (% labeled). Fibroblasts were simultaneously labeled with picrosirius red and examined by fluorescent microscopy for the detection of collagen. Fifteen random fields were quantified from each of five pairs of coverslips treated with control (1.5% FBS), tryptase (100 mU; Promega,), tryptase + PAR-2 antagonist peptide sequence (FSRLLY; 10 −6 M) or 15-deoxy -Δ12, 14 -PGJ 2 (PGJ 2 , 10-6 M) from Cayman Chemical, Ann Arbor, MI.
Western blot analysis SDS-denatured myocardial protein extract samples were subjected to electrophoresis in 10% (w/v) polyacrylamide gels. Briefly, nitrocellulose membranes containing the material transferred from the polyacrylamide gel were incubated with 3% (w/v) gelatin in 0.02 M Tris, pH 7.4, 0.5 M NaCl (TBS) for two 30-minperiods to block any nonspecific reactivity. Appropriate dilutions of monoclonal or polyclonal antibody (COX-2 and PAR-2, Abcam®, Cambridge, MA and Santa Cruz® respectively) was applied and incubated overnight at room temperature. Excess antibody was removed by sequentially washing the membranes in TBS containing 3% gelatin and then incubated with alkaline phosphatase-conjugated goat anti-mouse IgG at room temperature for 2 h. After the second antibody step, membranes were sequentially washed and developed with enhanced chemiluminescense (Amersham) and exposure to hyperfilm (Kodak). The membrane was then stripped and reprobed for GAPDH. Once normalized in this fashion, the differences in protein expression from hearts belonging to each group were averaged.
Enzyme-linked immunosorbent assay 15-deoxy-delta 12, 14-Prostaglandin J 2 levels in media from the cultured fibroblasts were analyzed using commercially available kits (Stressgen, Ann Arbor, MN). Briefly, precoated wells were treated with assay buffer and 100 μl of extracted protein sample for 1 h, and washed 5 times with wash buffer. Wells were then incubated with appropriate monoclonal antibody, washed again followed by HRP conjugated antibody and read by spectrophotometry at 650 nm, according to manufacturer's specifications.
Statistical analysis Statistical analyses were performed with Graphpad Prism 5.0 (GraphPad Software, Inc. San Diego, CA). All grouped data are expressed as means ± SEM. Grouped data comparisons were made by one-way analysis of variance with intergroup comparisons analyzed using Bonferroni post-hoc testing. Statistical significance was taken to be p≤0.05.
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